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ABSTRACT 

Aims/Introduction: Chronic hyperlipidemia impairs pancreatic p-cell function, referred 
to as lipotoxicity. We have reported an important role of endogenous reactive oxygen 
species (ROS) overproduction by activation of Src, a non-receptor tyrosine kinase, in 
impaired glucose-induced insulin secretion (GIIS) from diabetic rat islets. In the present 
study, we investigated the role of ROS production by Src signaling in palmitate-induced 
dysfunction of p-cells. 

Materials and Methods: After rat insulinoma INS-1 D cells were exposed to 0.6 mmol/L 
palmitate for 24 h (palmitate exposure); GIIS, ROS production and nicotinamide adenine 
dinucleotide phosphate oxidase (NOX) activity were examined with or without exposure 
tolO |.imol/L4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2), a Src 
inhibitior, for 30 or 60 min. 

Results: Exposure to PP2 recovered impaired GIIS and decreased ROS overproduction 
as a result of palmitate exposure. Palmitate exposure increased activity of NOX and protein 
levels of N0X2, a pathological ROS source in p-cells. Palmitate exposure increased the pro- 
tein level of pAl^^"", a regulatory protein of N0X2, in membrane fraction compared with 
control, which was reduced by PP2. Transfection of small interfering ribonucleic acid of 
p^/p'iox juppressed the augmented pA7^^™ protein level in membrane fraction, decreased 
augmented ROS production and increased impaired GIIS by palmitate exposure. In addi- 
tion, exposure to PP2 ameliorated impaired GIIS and decreased ROS production in isolated 
islets of KK-A^ mice, an obese diabetic model with hyperlipidemia. 
Conclusions: Activation of NOX through Src signaling plays an important role in ROS 
overproduction and impaired GIIS caused by chronic exposure to palmitate, suggesting a 
lipotoxic mechanism of p-cell dysfunction of obese mice. 



INTRODUCTION 

In pancreatic P-cells, glucose metabolism regulates exocytosis 
of insulin granules through metaboUsm-secretion coupling\ 
Reactive oxygen species (ROS) is one of the most important 
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factors that impair glucose-induced insulin secretion (GIIS) in 
P-ceUs. 

Exposure to exogenous hydrogen peroxide (H2O2), the most 
abundant ROS, reduces glucose-induced insulin secretion by 
impairing mitochondrial metaboUsm in P-ceUs^'^. ROS are nor- 
mal byproducts of glucose metabolism, including glycolysis and 
mitochondrial oxidative phosphorylation*. In p-ceUs, ROS 
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production through non-mitochondrial and mitochondrial 
pathways has been proposed. In the mitochondrial pathway, 
ROS is generated in the electron transport chain associated with 
the mitochondrial membrane potential^. However, in patho- 
physiological conditions, nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase (NOX), an important non-mito- 
chondrial ROS source, could play an important role in ROS 
generation in p-ceUs''. 

Deleterious effects of chronic hyperlipidemia on p-ceU func- 
tion are referred to as lipotoxicity^. Chronic exposure to palmi- 
tate, a long-chain saturated fatty acid, impairs GIIS with an 
increase in production of ROS in P-ceUs^"'. Recently, an impor- 
tant role of NOX in ROS production in p-cells by paknitate 
exposure has been proposed^". In addition, both oxidative stress 
markers and NOX expression are increased in islets of obese 
diabetic rodents with hyperlipidemia^ We have proposed 
that endogenous overproduction of ROS involving activation of 
Src, a non-receptor tyrosine kinase, plays an important role in 
impaired metabolism-secretion coupling in islets of diabetic 
Goto-Kakizaki (GK) rats'^^^. An important role of Src in acti- 
vation of NOX has been reported in various ceUs^'''^^. In the 
present study, to elucidate the mechanism of lipotoxicity in p- 
ceUs more precisely, we investigated involvement of Src in ROS 
production derived from NOX and impaired GIIS caused by 
chronic exposure to paknitate. 

MATERIALS AND METHODS 

Materials 

Paknitate obtained from Nacalai (Kyoto, Japan) was dissolved 
in 95% ethanol at stock concentration of 100 mmol/L. The spe- 
cific Src inhibitor, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyraz- 
olo[3,4-d]pyrimidine (PP2), was purchased from Tocris 
(EUisville, MO, USA). 

Cell Culture and Mouse Islet Isolation 

Rat insulinoma cell line INS- ID cells were cultured as previ- 
ously described'** with or without paknitate in the presence of 
0.5% bovine serum albumin (BSA) for 24 h. 

Male KK-A'' mice and control C57/BL6 mice (Clea Japan, 
Tokyo, Japan) were maintained and used in accordance with 
the guidelines of the animal care committee of Kyoto Univer- 
sity. AH experiments were carried out with mice aged 
8-10 weeks. Pancreatic islets were isolated as previously 
described'^. 

Insulin Secretion 

Insulin secretion from INS- ID cells was determined as previ- 
ously described'**. INS-ID cells cultured on 24-weU plates 
coated with 0.001% poly-L-ornithine were washed with Krebs- 
Ringer bicarbonate HEPES (KRBH) buffer composed of (in 
mmol/L) 140 NaCl, 3.6 KCl, 0.5 MgS04, 0.5 NaH2P04, 1.5 
CaCl2, 2 NaHCOs and 10 HEPES (pH 7.4) with 0.1% BSA 
and 2 mmol/L glucose, pre-incubated at 37°C for 30 min in 
KRBH with 2 mmol/L glucose, and then incubated at 37°C for 



30 min in KRBH with 2 mmol/L glucose and 10 mmol/L glu- 
cose. Insulin release from intact islets was measured using batch 
incubation using KRBH supplemented with 0.2% BSA as previ- 
ously described''. 

ROS Measurements 

ROS was measured according to the method previously 
described^". INS- ID cells and isolated islets were incubated in 
KRBH medium containing 2 mmol/L glucose and 10 |j,mol/L 
5-(and 6-) cliloromethyl-2',7'-dichlorodihydrofluorescein diace- 
tate (CM-HjDCFDA; Invitrogen, Carlsbad, CA, USA) for 
60 min at 37°C, and then were rapidly frozen, stored at -80°C 
and thawed. Fluorescence of the supernatant was quantified 
using a reader (Powerscan HT; DS Pharma Biomedical, Suita, 
Japan) with excitation wavelength at 485 nm and emission at 
530 nm, which was corrected by subfracting parallel blanks. 

Isolation of Total Ribonucleic Acid and Quantitative Reverse 
Transcription Polymerase Chain Reaction 

Total ribonucleic acid (RNA) was isolated from INS-ID cells 
using RNeasy mini kit (Qiagen, HUden, Germany). cDNA was 
prepared by reverse transcriptase (Superscript II; Invitrogen) 
with an okgo (dT) primer. The rat sequences of forward and 
reverse primers to N0X2/gp9f'^°'^ and ji-actin (as an inner 
control) were as foUows: {NOX2/gp9lP'""': 5'-TGA CTC GGT 
TGG CTG GCA TC-3', 5'-CGC AAA GGT ACA GGA ACA 
TGG G -3', P-actin: 5'- CAA TGA GCG GTT CCG ATG CC 
-3', 5'- AAT GCC TGG GTA CAT GGT GG -3'). AmpkTaq 
Gold (Applied Biosystems, Foster, CA, USA) was used as a 
DNA polymerase for reverse transcription polymerase chain 
reaction (RT-PCR). SYBR Green PGR Master Mix (Appked 
Biosystems) was prepared for quantitative RT-PCR run. The 
thermal cycling conditions were denaturation at 95°C for 
10 mm followed by 40 cycles at 95°C for 30 s and 60°C for 
30 s. 

Immunoblot Analysis 

For immunoblotting, cells were washed with phosphate-buf- 
fered saline (PBS) containing protease inhibitor cocktail (Com- 
plete; Roche, Mannheim, Germany) and phosphatase inhibitor 
cocktail (Calbiochem, Darmstadt, Germany), suspended in 
1 mL of PBS containing protease inhibitor and phosphatase 
inhibitor, and homogenized as previously described'^. Mem- 
brane fraction was prepared as described previously^'. INS-ID 
cells were washed three times with PBS, suspended in buffer A 
consisting of 50 mmol/L Tris (pH 7.5), 1 mmol/L ethylenedi- 
aminetetraacetic acid, and containing protease inhibitor cocktail, 
phosphatase inhibitor cocktail and 5 mol/L sodium pyrophos- 
phate, homogenized and then centrifuged at 10,000 g at 4°C 
for 1 h. The pellets were resuspended in 500 (iL of buffer A 
and stored at -80°C until immunoblot analysis or NOX activity 
assay. Protein (20 [ig per sample) was separated on a 15% 
polyacrylamide gel and transferred to a polyvinykdene difluo- 
ride membrane. After blocking with Tris-buffered saline 
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(10 mmol/L Tris/HCl and 100 mmol/L NaCl, pH 7.5) contain- 
ing 0.1% Tween 20 and 5% BSA (blocking buffer) at room 
temperature (25°C) for 2 h, blotted membranes were incubated 
overnight at 4°C with anti-p418 Src antibody (Biosource, Cam- 
arUlo, CA, USA) at 1:1000 dilution, anti-glyceraldehyde 3-phos- 
phate dehydrogenase (GAPDH) antibody (MUlipore, BUlerica, 
MA, USA) at 1:1000 dilution, anti-NCFl (p47^''°''') antibody 
(Abeam, Cambridge, UK) at 1:1000 dilution, anti-N0X2/ 
gp9lP'""' antibody (Abeam) at 1:1000 dilution, anti-flotillin-1 
antibody (Cell Signaling Technology, Danvers, MA, USA) at 
1:1000 dilution in blocking buffer and subsequently with anti- 
rabbit or anti-mouse immunoglobulin G horseradish peroxi- 
dase-conjugated secondary antibody (GE Healthcare, Little 
Chalfont, UK) diluted at 1:5000 at room temperature for 2 h 
before detection using ECL prime™ (GE Healthcare). Band 



intensities were quantified with Multi Gauge software (Fujifilm, 
Tokyo, Japan). 

NOX Activity Assay 

NOX activity was measured by a luminescence assay in a cuv- 
ette containing 50 mmol/L phosphate buffer (pH 7.0), 1 mmol/ 
L ethylene glycol tetraacetic acid, 150 mmol/L sucrose, 
500 |j,mol/L lucigenin as the electron acceptor and 100 |j,mol/L 
NADPH as the substrate (total volume 900 |iL) as previously 
described^^. No activity was measured in the absence of 
NADPH. In some experiments, PP2 (final concentration 
10 |j,mol/L) was added to the cuvette 10 min before readings. 
The reaction was started by the addition of 100 |j,L of mem- 
brane fraction (50-300 |J,g protein). Photon emission was mea- 
sured every 15 s for 15 min in a luminometer (GloMax 20/20n 
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Figure 1 | Effect of palmitate exposure on glucose-induced insulin secretion (GIIS) and reactive oxygen species (ROS) production in INS-ID cells. 
Values are mean + standard error of the mean (n = 4 in each bar). After INS-ID cells were cultured with or without various concentrations of 
palmitate (Palm) for 24 h, GIIS and ROS production were measured, (a) Effect of palmitate exposure on GIIS. GIIS was examined in the presence of 
2 mmol/L (white bar) and 10 mmol/L glucose (black bar) for 30 min (n = 4 in each bar). *P < 0.01 vs 10 mmol/L glucose, culture without 
palmitate; tP < 0.01 vs 2 mmol/L glucose, culture without palmitate. (b) Effect of palmitate exposure on ROS production. After INS-ID cells were 
incubated in medium containing 2 mmol/L glucose and 10 |.imol/L CM-H2DCFDA for 60 min, ROS production was measured. ROS production was 
also measured using INS-ID cells cultured with 0.6 mmol/L palmitate plus ROS scavengers (0.1 mmol/L vitamin E -1- 0.2 mmol/L vitamin C [Vit]) or 
anti-oxidant mimics (10 mmol/L tempol [superoxide dismutase mimic] -1- 10 |imol/L ebselen [glutathione peroxidase mimic] [T -1- E]) for 24 h. 
Culturing with these agents suppressed enhanced ROS production by exposure to 0.6 mmol/L palmitate (n = 5 in each bar). *P < 0.01 vs culture 
without palmitate; tP < 0.01 vs culture with 0.6 mmol/L palmitate. (c) Effect of Src inhibitor on impaired GIIS by 0.6 mmol/L palmitate exposure. 
GIIS was measured in the presence of 2 mmol/L (white bar) and 10 mmol/L glucose (black bar) with or without 10 |.imol/L 4-amino-5-(4- 
chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) for 30 min (n = 4 in each bar). *P < 0.01 vs 10 mmol/L glucose without PP2, culture 
without palmitate; tP < 0.01 vs 10 mmol/L glucose without PP2, culture with 0.6 mmol/L palmitate. (d) Effect of Src inhibitor on augmented ROS 
production by 0.6 mmol/L palmitate exposure. After INS-ID cells were incubated in medium containing 2 mmol/L glucose and 10 |imol/L CM- 
H2DCFDA with or without 10 |.imol/L PP2 for 60 min, ROS production was measured (n = 5 in each bar). *P < 0.01 vs without PP2, culture with 
0.6 mmol/L palmitate. (e) Effect of Src small interfering ribonucleic acid (siRNA) on protein expression and GIIS in INS-ID cells cultured with 
palmitate. After INS-ID cells transfected with control and Src siRNA were cultured with 0.6 mmol/L palmitate for 24 h, protein levels and GIIS were 
measured. Representative immunoblots were presented. 
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Luminometer; Promega, Fitchburg, WI, USA), which was cor- 
rected by a subtracting blank 

Small Interfering RNA Transfection 

Stealth™ small interfering (si)RNAs were synthesized by Invi- 
trogen. The sequences of siRNAs specific for rat NCFl {p4'f*^°^) 
were as foUows: 5'-GGU GAA GCC AUG GAG GUC AUU 
CAU A-3', 5'-UAU GAA UGA CCU CGA UGG CUU GAG 
C-3'. The sequences of siRNAs specific for rat Src were as fol- 
lows: 5'-GGG AGG GGG UGG AGA UUG UGA AUA A-3', 
5'-UUA UUG ACA AUG UGG AGG GGG UGG C-3'. The 
sequences of control siRNAs were as follows: 5'-AGC AAG 
AAC AGU UUG GGA AUA GGG A-3', 5'-U GGG UAU 
UCC GAA AGU GUU GUU GGU -3'. Gultured INS- ID ceUs 
were trypsinized, suspended with RPMI 1640 medium without 
antibiotics, mixed with Opti-MEM (Invitrogen) containing siR- 
NA and Lipofectamine 2000 (Invitrogen), plated on dishes or 
wells and then incubated at 37°G. The final contents of INS- 
ID cell, RPMI 1640, Opti-MEM, siRNA and Lipofectamine 



2000 were 1 x 106 cells/mL, 75% v/v, 25% v/v, 80 nmol/L and 
0.3% v/v, respectively. The medium was changed to RPMI 
1640 3^ h after transfection. AH experiments using siRNA- 
transfected INS- ID cells were carried out 72 h after transfec- 
tion. 

Statistical Analysis 

The data are expressed as mean ± standard error of the mean. 
Statistical significance was calculated by the unpaired Student's 
t-test. P < 0.05 was considered significant. 

RESULTS 

Src Inhibition Recovers Impaired Glucose-Induced Insulin 
Secretion and Decreases Augmented ROS Production as a 
Result of Exposure to Palmitate 

Exposure to palmitate (G16:0) concentration dependently 
decreased GIIS and increased ROS production (Figure la,b). 
Oleic acid (C18:l) slightly increased ROS production, but ara- 
chidonic acid (G20:4 n-6) did not increase ROS production 
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Figure 2 | Effect of palmitate exposure on Src and nicotinamide adenine dinucleotide phosphate oxidase (NOX). Values are mean + standard error 
of the mean. After INS-ID cells were cultured with or without palmitate (Palm) for 24 h, and incubated with Krebs-Ringer bicarbonate HEPES with 
or without 10 |imo!/L 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazoio[3,4-d]pyrimidine (PP2) for 30 min, messenger ribonucleic acid (mRNA), protein 
levels and NOX activity were measured. Immunoblot was carried out using (a,d) whole cell and (e) membrane fraction. (a,d,e) Representative 
immunoblots are presented. *P < 0.01 vs cultured without palmitate; tP < 0.01 vs without PP2, culture with 0.6 mmol/L palmitate. (a) Effect of 
palmitate exposure on Src activation. Src activation was detected by Tyr^^^-phosphorylated Src. Data are expressed relative to control values 
without palmitate corrected by glyceraldehyde 3-phosphate dehydrogenase (GAPDH) level (n = 5 in each bar), (b) Effect of palmitate exposure on 
NOX activity. NOX activity was measured using membrane fraction (n = 5 in each bar), (c) Effect of palmiate exposure on expression of N0X2/ 
gpQf'^"" mRNA. Data were normalized by the expression of [t-actin (n = 4 in each bar). C, control without palmitate; Palm, 0.6 mmol/L palmitate. 
(d) Effect of palmiate exposure on expression of NOX2/gp91''''°'' protein. Data are expressed relative to control values without palmitate corrected 
by GAPDH level (n = 5 in each bar), (e) Effect of palmiate exposure on the level of pAV'^"" protein. Data are expressed relative to control values 
without palmitate corrected by flotillin-1 level (n = 4 in each bar). 
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(Figure SI). Exposure to 10 |imol/L PP2 for 30 min recovered 
impaired GIIS caused by exposure to 0.6 mmol/L palmitate for 
24 h (palmitate exposure), but did not affect GIIS in the con- 
trol condition without palmitate exposure (Figure Ic). Increased 
ROS production by palmitate exposure was reduced by 60-min 
exposure to 10 |imol/L PP2 (Figure Id). Src downregulation 
ameliorated glucose-induced insulin secretion of INS- ID cells 
cultured with palmitate (Figure le). 

Palmitate Exposure Causes N0X2 Activation by Src Activation 

Palmitate exposure caused Src activation, shown by an 
increased protein level of Tyr^'^^-phosphorylated Src (Figure 2a). 
NOX activity was prominently increased by palmitate exposure 
(Figure 2b). Palmitate exposure also increased the messenger 
RNA level and protein level of N0X2 (Figure 2c,d). Exposure 
to 10 |.imol/L PP2 for 30 min reduced augmented ROS pro- 
duction (Figure 2b), but did not affect the protein level of 
NOX2 (Figure 2d). Palmitate exposure caused an increase in 
the protein level of p47^''°* in membrane fraction that was 
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reduced by exposure to PP2 for 30 min (Figure 2e). Palmitate 
exposure caused a decrease in the protein level of p47^''°^ in 
cytosol fraction that was increased by exposure to PP2 for 
30 min (Figure S2). 

p4yp'^°'< Knockdown Ameliorates Impaired Insulin Secretion 
and ROS Overproduction by Palmitate Exposure 

The increased protein level of p47^''°^ in membrane fi-action by 
palmiate exposure was reduced by transfection with p4'f^°^ 
siRNA (Figure 3a). Downregulation of the p47^''°^ level was 
also observed without palmitate exposure by p4'f^°^ knock- 
down (Figure S3). p47^^°^ Knockdown ameliorated impaired 
GIIS, and decreased augmented ROS production by palmitate 
exposure (Figure 3b). 

Src Inhibition Ameliorates Glucose-Induced Insulin Secretion 
and Decreases ROS Production in Isolated Islets of KK-A'' Mice 

Impairment of GIIS from islets of KK-A'' mice was ameliorated 
by exposure to PP2 for 30 min (Figure 4a). ROS production 
and the level of p47^''°^ protein in membrane fraction in the 
islets of KK-A^ mice was reduced by exposure to PP2 (Fig- 
ure 4b,c). The protein level of Tyr*^^-phosphorylated Src was 
increased in KK-A^ mice islets compared with that in control 
islets (Figure S4). 

DISCUSSION 

Exposure to palmitate, a saturated non-esterified fatty acid 
decreased GIIS and increased ROS production (Figure la,b), as 



Figure 3 | Effect of p4/''^™ siRNA on protein expression, glucose- 
induced insulin secretion (GIIS) and reactive oxygen species (ROS) 
production. Values are mean + standard error of the mean. After INS-ID 
cells transfected with control and p47'^^°'' small interfering ribonucleic 
acid (siRNA) were cultured with or without 0.6 mmol/L palmitate (Palm) 
for 24 h, protein levels, GIIS and ROS production were measured, (a) 
Effect of p4/'''°'' knockdown on enhanced expression of p47P''™ protein 
by palmitate exposure. Immunoblot was carried out using membrane 
fraction. Data are expressed relative to control values transfected with 
control siRNA and cultured without palmitate corrected by flotillin-1 
level (n = 5 in each bar). *P < 0.01 vs transfected with control siRNA, 
cultured without palmitate; tP < 0.01 vs control siRNA transfected, 
cultured with 0.6 mmol/L palmitate. Representative immunoblots are 
presented, (b) Effect of p4/'''™ knockdown on impaired GIIS (upper 
panel) and increased ROS production (lower panel) by palmitate 
exposure. Upper panel: GIIS was examined in the presence of 2 mmol/L 
(white bar) and 10 mmol/L glucose (black bar) for 30 min (n = 4 in 
each bar). *P < 0.01 vs transfected with control siRNA, culture without 
palmitate, 10 mmol/L glucose. tP < 0.01 vs transfected with control 
siRNA, culture with 0.6 mmol/L palmitate, 10 mmol/L glucose. Lower 
panel: After cells were incubated in medium containing 2 mmol/L 
glucose and 10 |imol/L CI\/1-H2DCFDA for 60 min, ROS production was 
measured (n = 5 in each bar). W < 0.01 vs transfected with control 
SiRNA, cultured without palmitate. §P < 0.01 vs control siRNA 
transfected, cultured with 0.6 mmol/L palmitate. 
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Figure 4 | Effect of Src inhibition on glucose-induced insulin secretion 
(GIIS) and reactive oxygen species (ROS) production, and the protein 
level of p47''''™ in KK-A^ mouse islets. Values are mean + standard error 
of the mean, (a) Effect of Src inhibition on GIIS. Freshly isolated islets of 
KK-A^ mice were batch-incubated in the presence of 2.8 mmol/L 
(white bar) and 16.7 mmol/L glucose (black bar) with or without 
10 |xmol/L 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d] 
pyrimidine (PP2) for 30 min, and released insulin in the medium was 
measured (n = 5 in each bar). *P < 0.01 vs without PP2, 16.7 mmol/L 
glucose, (b) Effect of Src inhibition on ROS production. Freshly isolated 
islets of KK-A^ mice were batch-incubated in the presence of 
2.8 mmol/L with or without 10 |imol/L PP2 for 60 min, and ROS 
production was measured (n = 3 in each bar). *P < 0.05 vs without 
PP2. (c) Effect of cSrc inhibition on the protein level of p47''''°\ Freshly 
isolated islets of control C57/BL6 mice (white bar) and KK-A^ mice 
(black bar) were batch-incubated in the presence of 2.8 mmol/L with 
or without 10 |imol/L PP2 for 30 min, and the protein level of p47''''°'' 
was measured using membrane fraction (n = 4 in each bar). Data are 
expressed relative to control values of C57/BL6 mice corrected by 
flotillin-1 level. *P < 0.01 vs C57/BL6. < 0.01 vs KK-A^ without PP2. 
Representative immunoblots are presented. 



previously described**"'. We have previously described an 
important role of endogenous ROS production that involves 
Src activation in impaired GIIS in diabetic islets^^^''. In the 



present study, we investigated the effects of PP2, a specific Src 
inhibitor, on impaired GIIS and augmented ROS production 
by Hpotoxicity. Exposure to PP2 ameliorated impaired GIIS 
and decreased augmented ROS production by paknitate expo- 
sure (Figure lc,d). In addition, Src downregulation ameliorated 
impairment of GIIS by pahnitate exposure (Figure le). These 
results suggest that Src activation might be involved in 
impaired GIIS and augmented ROS production as a result of 
palmitate exposure. 

Src is a non-receptor tyrosine kinase that is associated with 
the cell membrane and plays important roles in various signal 
transductions. Its activity is regulated by intramolecular interac- 
tions that depend on tyrosine phosphorylation and phosphory- 
lation of Tyr*^^ at the kinase domain that results in Src 
activation^^. Palmitate exposure caused Src activation indicated 
by an increased protein level of Tyr^'^^-phosphorylated Src (Fig- 
ure 2a). In a recent study, it was proposed that palmitate alters 
membrane distribution of Src, causing it to partition into intra- 
cellular membrane subdomains, where it likely becomes autop- 
hosphorylated and activated^^ N0X2 {gp9lP'""' and p22^''°^), 
an isoform of NOX, and its related subunits (p47^''°^ and 
p67^''°^) are expressed in P-ceUs^^''^'^^^^. Interestingly, exposure 
to palmitate affects expression level of p47^''°'^ in islets^". In 
addition, impaired GIIS and an increase in apoptosis by 
chronic exposure to palmitate are restored by suppression of 
N0X2 with a decrease in ROS level in a P-ceU Hne'. The effects 
of palmitate exposure on NOX2 and involvement of Src were 
therefore examined. NOX activity was prominently increased 
by palmitate exposure (Figure 2b). PP2 reduced augmented 
ROS production (Figure 2b), but did not affect protein level of 
N0X2 (Figure 2d). These results suggest that Src activation 
might affect regulatory factor(s) of NOX. An important role of 
Src in activation of N0X2 through translocation of p47^''°^ to 
plasma membrane has been reported in various cells^*'^^. In 
addition, cigarette smoke particle-phase extract induces Src acti- 
vation, which causes N0X2, Src and p47^''°^ complex forma- 
tion that increases NOX activity in smooth muscle cells^*. 
Palmitate exposure was found to cause an increase in protein 
level of p47^''°^ in membrane fi-action that was reduced by PP2 
(Figure 2e). Taken together, these findings show that palmitate 
exposure increases NOX activity mainly by increasing transloca- 
tion of p47^''°^ to plasma membrane through Src signaling. 

To elucidate the role of p47^''°^ in impaired insulin secretion 
and ROS overproduction by palmitate exposure, the effect of 
p47ph'": knockdown on GIIS and ROS production was exam- 
ined. p47P^°^ Knockdown ameliorated impaired GIIS and 
decreased augmented ROS production by palmitate exposure 
(Figure 3B). These results show that p47^''°^ is involved in 
impaired GIIS and ROS overproduction by palmitate exposure. 

Src inhibition by PP2 treatment completely recovered pahni- 
tate-induced GIIS impairment despite partial reduction of NOX 
activation and p47^''°^ expression in the membrane in INS- ID 
cells. Explanation of these findings is difficult using the data in 
the present study, but one possibility is that palmitate exposure 
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also decreases vulnerability to ROS in P-ceU function. In addi- 
tion, it is proposed that Src is constantly activated by forming 
an intracellular disulphide bond derived from ROS exposure'^', 
which could affect the concentration-dependent effect of Src 
inhibitors. Suppression of ROS content was partial despite com- 
plete suppression of the p47^''°^ level by knockdown. These 
phenomena might be explained by the fact that palmitate expo- 
sure increases N0X2 expression in addition to the p47^''°"^ level 
(Figure 2c,d). 

N0X2 expression is upregulated in islets from obese diabetic 
mice^^"'^ and rats^\ The pathophysiological significance of the 
results in the present study was examined using isolated islets 
of KK-A'' mice, an obese diabetic model with hyperUpidemia. 
Impairment of GIIS from islets of KK-A^ mice was ameliorated 
by PP2 (Figure 4a). In addition, ROS production and the level 
of p47^^^ protein in membrane fraction in the islets of KK-A'' 
mice was reduced by exposure to PP2 (Figure 4b,c). These 
results suggest that activation of NOX through Src signaling 
might be involved in impairment of GIIS fi-om islets of KK-A'' 
mice. 

The ameliorating effect of Src inhibition on GIIS is less in 
islets of obese KK-A'' mice than it is in islets of non-obese GK 
rats^^. As shown in Figure S4, Src activation is similar in KK- 
A'' mice islets to that in GK rat islets'"'. This indicates that the 
differing effect of Src inhibition on GIIS is not derived fi-om 
the different level of Src activation. Impairment of GIIS is more 
prominent in KK-A'' mice islets than in GK rat islets. Another 
mechanism of impaired GIIS independent of ROS overproduc- 
tion might exist in obese mice islets. Severe impairment of GIIS 
is also observed in islets of ob/ob mice, another obese diabetic 
model, in which upregulation of UCP-2 derived from upregula- 
tion of TBP-2 plays an important role in impaired GIIS'^. In 
contrast, we observed neither UCP-2 upregulation nor TBP-2 
upregulation in GK rat islets (unpublished observation). 

In conclusion, activation of NOX through Src signaling plays 
an important role in ROS overproduction and impaired GIIS 
caused by chronic exposure to palmitate, suggesting a Hpotoxic 
mechanism of p-ceU dysfunction in obese mice. 

ACKNOWLEDGEMENTS 

The authors have nothing to disclose. The present study was 
supported by a Research Grant on Nanotechnical Medicine 
from the Ministry of Health, Labor and Welfare of Japan; Sci- 
entific Research Grants from the Ministry of Education, Cul- 
ture, Sports, Science and Technology of Japan; and a grant 
from CREST of the Japan Science and Technology Coopera- 
tion. We thank C Kotake and M Akazawa for technical assis- 
tance. 

REFERENCES 

1. Meglasson MD, Matschinsky FM. Pancreatic islet glucose 
metabolism and regulation of insulin secretion. Diabetes 
Metab Rev 1986; 2: 163-214. 



2. Krippeit-Drews P, Kramer C, Welker S, et al. Interference of 
H2O2 with stimulus-secretion coupling in mouse pancreatic 
P-cells. J Physiol 1999; 514: 471^81. 

3. Maechler P, Jornot L, Wollheim CB. Hydrogen peroxide 
alters mitochondrial activation and insulin secretion in 
pancreatic beta cells. J Biol Chem 1999; 274: 27905-27913. 

4. Bindokas VP, Kuznetsov A, Sreenan S, et al. Visualizing 
superoxide production in normal and diabetic rat islets of 
Langerhans. J Biol Chem 2003; 278: 9796-9801. 

5. Turrens JF. Mitochondrial formation of reactive oxygen 
species. J Physiol 2003; 552: 335-344. 

6. Guichard C, Moreau R, Pessayre D, et al NOX family NADPH 
oxidases in liver and in pancreatic islets: a role in the 
metabolic syndrome and diabetes? Biochem Sac Trans 2008; 
36: 920-929. 

7. Poitout V, Robertson RP. Minireview: Secondary p-cell failure 
in type 2 diabetes-a convergence of glucotoxicity and 
lipotoxicity. Endocrinology 2002; 143: 339-242. 

8. Carlsson C, Borg LA, Welsh N. Sodium palmitate induces 
partial mitochondrial uncoupling and reactive oxygen 
species in rat pancreatic islets in vitro. Endocrinology 1999; 
140: 3422-3428. 

9. Yuan H, Zhang X, Huang X, et al. NADPH oxidase 2-derived 
reactive oxygen species mediate FFAs-induced dysfunction 
and apoptosis of p-cells via JNK, p38 MARK and p53 
pathways. PLoS ONE 2010; 5: el 5726. 

10. Morgan D, Oliveira-Emilio MR, Keane D, et al. Glucose, 
palmitate and pro-inflammatory cytokines modulate 
production and activity of a phagocyte-like NADPH oxidase 
in rat pancreatic islets and a clonal beta cell line. 
Diabetoiogia 2007; 50: 35^369. 

11. Nakayama M, Inoguchi T, Sonta T, et al. Increased 
expression of NAD(P)H oxidase in islets of animal models of 
type 2 diabetes and its improvement by an ATI receptor 
antagonist. Biochem Biophys Res Commun 2005; 332: 927- 
933. 

12. Shao J, Iwashita N, Ikeda F, et al. Beneficial effects of 
candesartan, an angiotensin II type 1 receptor blocker, on 
beta-cell function and morphology in db/db mice. Biochem 
Biophys Res Commun 2006; 344: 1224-1233. 

1 3. Kominato R, Fujimoto S, Mukai E, et al. Src activation 
generates reactive oxygen species and impairs metabolism- 
secretion coupling in diabetic Goto-Kakizaki and ouabain- 
treated rat pancreatic islets. Diabetoiogia 2008; 51: 1226- 
1235. 

14. Mukai E, Fujimoto 5, Sato H, et al. Exendin-4 suppresses Src 
activation and reactive oxygen species production in 
diabetic Goto-Kakizaki rat islets in an Epac-dependent 
manner. Diabetes 201 1; 60: 218-226. 

15. Kajikawa M, Fujimoto S, Tsuura Y, et al. Ouabain suppresses 
glucose-induced mitochondrial ATP production and insulin 
release by generating reactive oxygen species in pancreatic 
islets. Diabetes 2002; 51: 2522-2529. 



2013 Authors. Journal of Diabetes Investigation published by AASD and Wiley Pubiishing Asia Pty Ltd 



J Diabetes Invest Vol. 5 No. 1 January 2014 



25 



ORIGINAL ARTICLE 
Sato et al. 



16. Chowdhury AK, Watkins T, Parinandi NL, et al. Src-mediated 
tyrosine phosphorylation of p47P'^™ in hyperoxia-induced 
activation of NADPH oxidase and generation of reactive 
oxygen species in lung endothelial cells. J Biol Chem 2005; 
280: 20700-2071 1 . 

17. Lin CC, Lee IT, Yang YL, et al. Induction of COX-2/PGE(2)/IL- 
6 is crucial for cigarette smoke extract-induced airway 
inflammation: role of TLR4-dependent NADPH oxidase 
activation. Free Radic Biol Med 2010; 48: 240-254. 

18. Nishi Y, Fujimoto S, Sasaki M, et al. Role of mitochondrial 
phosphate carrier in metabolism-secretion coupling in rat 
insulinoma cell line INS-1. Biochem J 201 1; 435: 421^30. 

19. Yoshihara E, Fujimoto S, Inagaki N, et al. Disruption of TBP- 
2/Txnip ameliorates insulin sensitivity and secretion without 
affecting obesity. Nat Commun 2010; 1: article number 127. 

20. Lacraz G, Figeac F, Movassat J, et al. Diabetic p-cells can 
achieve self-protection against oxidative stress through an 
adaptive up-regulation of their antioxidant defenses. PLoS 
ONE 2009; 4: e6500. 

21. Zhao LX, Zhou CJ, Tanaka A, et al. Cloning, characterization 
and tissue distribution of the rat ATP-binding cassette (ABC) 
transporter ABC2/ABCA2. Biochem J 2000; 350: 865-872. 

22. Zafari AM, Ushio-Fukai M, Akers M, et al Role of NADH/ 
NADPH oxidase-derived H2O2 in angiotensin ll-induced 
vascular hypertrophy. Hypertension 1998; 32: 488-495. 



hnp://onllnelibrary.wiley.com/journal/jdl 



23. Martin GS. The hunting of the Src. Nat Rev Mol Cell Biol 
2001; 2: 467^75. 

24. Holzer RG, Park Li N, et ai Saturated fatty acids induce 
c-Src clustering within membrane subdomains, leading to 
JNK activation. Cell 201 1; 147: 173-184. 

25. Oliveira HR, Verlengia R, Carvalho CR, et al Pancreatic 
P-cells express phagocyte-like NAD(P)H oxidase. Diabetes 
2003; 52: 1457-1463. 

26. Lupi R, Del Guerra S, Bugliani M, et al. The direct effects of 
the angiotensin-converting enzyme inhibitors, zofenoprilat 
and enalaprilat, on isolated human pancreatic islets. Eur 

J Endocrinol 2006; 154: 355-361. 

27. Uchizono Y, Takeya R, Iwase M, et al. Expression of isoforms 
of NADPH oxidase components in rat pancreatic islets. Life 
Sci 2006; 80: 133-139. 

28. Cheng SE, Lee IT, Lin CC, et al. Cigarette smoke particle- 
phase extract induces HO-1 expression in human tracheal 
smooth muscle cells: role of the c-Src/NADPH oxidase/ 
MAPK/Nrf2 signaling pathway. Free Radic Biol Med 2010; 48: 
1410-1422. 

29. Giannoni E, Taddei ML, Chiarugi P. Src redox regulation: 
again in the front line. Free Radic Biol Med 2010; 49: 
516-527. 



SUPPORTING INFORMATION 

Additional Supporting Information may be found in the online version of this article: 

Figure SI | Effect of oleic acid (Ole) and arachidonic acid (Ara) exposure on reactive oxygen species (ROS). After INS-ID cells 
were cultured with 0.1 mmol/L palmitate, 0.6 mmol/L paknitate, 0.1 mmol/L Ole and 0.1 mmol/L Ara for 24 h, ROS production 
was measured. Values are mean + standard error of the mean; n = 4 in each bar. *P < 0.01 vs control without free fatty acid. 
Figure 82 | Representative immunoblots of p47^''°^ in the cytosol fraction from two independent experiments. After INS- ID cells 
were cultured with or without palmitate (Palm) for 24 h and incubated with Krebs-Ringer bicarbonate HEPES with or without 
10 nmol/L 4-arnino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) for 30 min, immunoblots of the cytosol fraction 
were carried out. 

Figure S3 | Effect of p4'f*^°^ small interfering ribonucleic acid (siRNA) on basal p47^''°^ level in membrane fraction without palmi- 
tate exposure. After INS- ID cells transfected with control, and p4y^^°^ siRNA were cultured without palmitate for 24 h, protein 
levels were measured. Immunoblot was carried out using membrane fraction. Data are expressed relative to control values trans- 
fected with control siRNA corrected by flotUlin-l level. Values are mean ± standard error of the mean. *P < 0.01 vs transfected 
with control siRNA; « = 3 in each bar. 

Figure S4 | Representative immunoblots of Src in islets of KK-A^ mice and control C57/BL6 mice from two independent experi- 
ments. Src activation was detected by Tyr^'^^-phosphorylated Src. The numbers of the side of each panel express the ratio to value 
of control islets. 
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